Abstract. The potential of moderate-resolution imaging spectroradiometer (MODIS) time-series in monitoring crop condition was examined in the Weishan Irrigation Zone along a downstream reach of the Yellow River, China. First, MODIS-derived spectral indices, including the normalized difference water index (NDWI) and normalized difference vegetation index (NDVI), were employed to retrieve the crop physiological parameters (such as vegetation water content and dry matter) during the winter wheat growing season. NDWI was found to be less susceptible than NDVI to the directional effects induced by the changes of illumination and view angles. NDWI 1640 and NDWI 2130 , which were based on the shortwave infrared (SWIR) 1640 nm and 2130 nm bands, showed great potential for vegetation water content (VWC) estimation and performed better than NDVI and NDWI 1240 . Both NDWI 1640 and NDWI 2130 had a significant positive correlation with dry matter content before the blooming stage. A significant negative correlation between NDWI 2130 and dry matter content was found after the blooming stage. Second, NDWI was also employed to assess the canopy water deficit during the same period as a direct indicator of crop water content. The strong correlation between NDWI and soil moisture after the jointing stage showed that NDWI can also be utilized as an indicator of soil moisture changes. An integrated analysis of the temporal variation of NDWI and the observed VWC demonstrated that the wheat was under water stress to some extent during the later part of the growing period in 2006, and this was supported by a field experiment. 
Introduction
Accurate estimation of vegetation biophysical parameters including leaf pigments, dry matter, vegetation water content (VWC), and leaf area index (LAI) has important applications in the fields of agriculture and forestry (Gao and Goetzt, 1995) . The biophysical parameters (such as dry matter and LAI) derived from satellite data can be integrated into crop yield models to facilitate monitoring crop condition and predicting crop yields. Dry matter and VWC in the vegetative and reproductive phases are closely related to the plant net primary productivity (NPP), especially in semiarid regions, which can provide early crop yield assessments (Doraiswamy et al., 2004) . In addition, VWC is also useful for drought assessment in both irrigated and natural communities (Penuelas et al., 1993; Jackson et al., 2004) .
Remote sensing is recognized as a cost-effective solution to predict crop yield and monitor drought. Satellite data can provide extended accessibility to spatial and temporal variations of some key canopy parameters in addition to field observations. The dominant factors that influence canopy reflectance in the reflected spectra include leaf parameters (mainly leaf internal structure, leaf dry matter content, and water content), LAI, satellite zenith angle, and sun zenith angle. LAI has a large impact, especially in the near-infrared (NIR) and shortwave infrared (SWIR) wavelengths, leaf water is the prevalent factor influencing the reflectance in SWIR wavelengths, and leaf dry matter influences the leaf reflectance in the NIR and SWIR wavelengths (Tucker, 1980; Hunt and Rock, 1989; Ceccato et al., 2002a) .
Many investigations on the estimation of biophysical parameters from satellite data have been conducted using either empirical relationships or physically based approaches. Generally, the physical approaches are based on the inversion of radiation transfer processes within canopies, which provide a direct connection between the biophysical variables and the canopy reflectance (Houborg et al., 2007) . However, although the processes at the leaf level can be modeled accurately, the radiation transfer processes within the soil-canopy-atmosphere system have not been fully understood (Faurtyot and Baret, 1996; Doraiswamy et al., 2004) . In comparison, by relating crop parameters to spectral vegetation indices (VI), the empirical methods are highly desirable in large-scale applications because of their simplicity and computational efficiency. However, a fundamental problem with this approach is the lack of generality, since canopy reflectance depends on complex interactions between several internal and external factors. Therefore, the focus of many studies has been on finding a vegetation index that maximizes the sensitivity to the vegetation variables of interest and minimizes the sensitivity to other variables (Ceccato et al., 2001; 2002a) .
The normalized difference vegetation index (NDVI, see Table 1 ) is one of the most widely used indices and has been applied to estimate crop yields, end-of-season dry biomass (Gao, 1996) , and VWC. However, when vegetation coverage becomes dense and the LAI increases to a value greater than 2 (Chen et al., 2005) , the NDVI is no longer sensitive to the crop growth, giving the so-called saturation phenomenon. This is probably due to the fact that the visible band used in the NDVI is more relevant to chlorophyll absorption, not water content (Ceccato et al., 2002a) .
Recently, attention has been paid to utilizing the SWIR band to retrieve vegetation water contents. For instance, the soil background reflectance, leaf biochemical parameters, leaf internal structure, leaf dry matter, canopy biophysical parameters (i.e., LAI), and atmospheric conditions all affect the satellite-measured reflectance (Hunt and Rock, 1989; Penuelas et al., 1993; Rollin and Milton, 1998; Ceccato et al., 2001) . Therefore, the main challenge to the retrieval of VWC from satellite data is to distinguish the effect of water content on plant reflectance from all other influences (Serrano et al., 2000) . A series of spectral indices was proposed to deal with this problem, usually based on a ratio or other simple mathematical formula of reflectance at two or more Serrano et al. (2000) wavelengths (Sims and Gamon, 2002) . Gao (1996) designed the normalized difference water index (NDWI, see Table 1 ) using 1240 nm and 860 nm wavelengths, and it proved to be more sensitive to VWC and less perturbed by atmospheric effects than NDVI. Jackson et al. (2004) and Chen et al. (2005) successfully applied Landsat and moderate-resolution imaging spectroradiometer (MODIS) derived NDWI to estimate corn and soybean VWC, respectively. It has been demonstrated that the saturation of NDWI occurred later than that of NDVI. Furthermore, similar indices such as the shortwave infrared water stress index (SIWSI; Fensholt and Sandholt, 2003 ) (see Table 1 ) and the land surface water index (LSWI; Xiao et al., 2005) were also applied to monitor the spatial and temporal changes in VWC and soil moisture in the semiarid Sahelian zone of West Africa and paddy fields in China. Ceccato et al. (2001) proposed a global vegetation moisture index (GVMI; see Table 1 ) using the SWIR bands of SPOT-VEGETATION to minimize its sensitivity to the atmospheric perturbations and angular effects and maximize its sensitivity to VWC. All such tuning of indices suggests the possibility of utilizing longer wavelength NIR or SWIR bands for VWC retrieval at full canopy from space. For NPP estimation in a semiarid and subhumid environment such as the northern China plain, canopy water stress is a key limiting variable (Fensholt and Sandholt, 2003) . Carter (1994) pointed out that an increased reflectance in SWIR wavelengths was the most consistent response of leaf reflectance to plant stress, including water stress. The difficulties in monitoring canopy water stress from a satellite are similar to those of VWC retrieval.
Winter wheat is a major crop and so monitoring its growth and water stress is important. The aim of the present work is to examine whether winter wheat can be monitored using remotely sensed data in a way similar to that of previous investigations of corn and soybeans (Chen et al., 2005) . MODIS data show potential use for retrieval of crop biophysical parameters and for improving accuracy in crop yield assessment, with its merits of moderate spatial resolution (250-500 m) and daily data availability (Doraiswamy et al., 2004; Chen et al., 2005) . Moreover, MODIS data onboard the Terra and Aqua satellites potentially provide twice diurnal coverage, which greatly enhances the ability of monitoring crop condition during the cloudy season.
This research discusses the potential use of several vegetation indices derived from MODIS data in estimating VWC, dry matter content, and LAI during the winter wheat growth cycle. Two key indices (NDWI and NDVI) are chosen for comparison to evaluate their performance in retrieving the three vegetation parameters. For LAI retrieval, the enhanced vegetation index (EVI; see Table 1 ), which is designed to improve the predictability of LAI in densely vegetated areas (Huete et al., 1999) , is also used. The potential use of NDWI for crop water deficiency evaluation is discussed together with the in situ measurement of soil moisture and rainfall.
Data sources and processing

Study area and field experiment
Field experiments were conducted around the Gaoying eddy flux tower (36°38′55.5′′N, 116°3′15.3′′E; see Figure 1a ) in the Weishan Irrigation Zone (36°12′-37°00′N, 115°24′-116°30′E ). The Weishan Irrigation Zone, with a total area of 36 000 hm 2 , is the largest irrigation zone along the downstream reaches of the Yellow River and is the fifth largest irrigation zone in China. The mean annual precipitation in this zone is about 580 mm, with nearly 70% of the precipitation in the summer from June to September. The Weishan Irrigation Zone is mainly comprised of croplands, planted woods, secondary grass and shrubs, and artificial surfaces. The local primary agriculture cropping practice is the rotation of winter wheat and summer corn. Winter wheat is sown in early October, but its major growing period is from March to May of the next year. After turning green in March, the major wheat growth stages include jointing, heading, blooming, grain filling, and maturing. At the beginning of April, the roots expand and the tillers increase, the major characteristics of the jointing stage. At the end of April, the wheat enters the heading stage, when the ears and stems begin to grow with notable accumulation of dry matter. After heading, the roots, stems, and leaves cease growing and the reproductive growth is enhanced. Winter wheat fully blooms after the first week of May. The grain-filling stage begins at the end of May, and the wheat matures in early June. These latter two stages determine the number and weight of grains, which are closely related to the wheat dry weight and yields. The wheat harvest is usually in mid-June.
The field experiments were conducted every 2 weeks from 1 April to 3 June 2006. VWC, dry matter, and LAI were measured for the samples collected in three plots around the flux tower. Three 1 m 2 blocks were selected randomly with nearly uniform row distance. The total number of tillers of wheat in each block was counted, and then the leaf area of the samples from the plots was measured. The samples were quickly weighed to obtain the fresh weight and then dried in an oven for 8 h at 70°C to obtain the dry weight. The difference between the fresh weight and dry weight is the water content of the crops. VWC, dry matter, and LAI values for the three samples were averaged, and then the values for the three variables in the 1 m 2 area were derived by multiplying the ratio of the number of tillers in the 1 m 2 area to that of the sample tillers (VMC and dry matter in kg·m -2 , LAI unitless). Within a radius of several kilometres around the flux tower, the croplands were almost homogeneously covered by the same wheat crop. Therefore, the measurements from the samples were used to represent the field average.
In addition, precipitation was measured every 10 min using an automatic rain gauge. Two time-domain reflectometry (TDR) probes were buried around the tower to monitor the soil moisture profiles continuously at depths of 5, 10, 20, 40, 80, and 160 cm. The irrigation data including discharge and irrigation date were also collected.
Terra and Aqua MODIS product
MODIS was first launched onboard the Terra satellite on 18 December 1999 (10:30 AM Equator crossing time, descending) and then on 4 May 2002 onboard the Aqua satellite (1:30 PM, Equator crossing time, ascending). Terra and Aqua MODIS on two satellites in orbits complement each other by providing observations in the late morning and early afternoon. This combination is helpful in studying the diurnal variation of the water-energy cycles and can provide validation of independent long-term datasets with the same geophysical parameters (Salomonson et al., 2001) .
Product description
The MODIS 500 m daily surface reflectance product (Terra, MOD09; Aqua, MYD09) and 250 m 16 day VI products (Terra, MOD13) were downloaded from the Earth Observing System (EOS) data gateway. The MOD09 and MYD09 products provide an estimation of the surface reflectance for MODIS channels 1-7 as it would be measured at the land surface if there were no atmosphere. MODIS bands 1 and 2 are both at 250 and 500 m resolution centred in the NIR (858 nm) and red (648 nm) wavelengths, and bands 3-7 are at 500 m resolution centred in the blue (470 nm), green (550 nm), NIR (1240 nm), and SWIR (1640 and 2130 nm) wavelengths. The products use the MODIS L1B data as the primary input and perform corrections for the effect of gaseous absorption, molecule and aerosol scattering, and the adjacency effect (Vermote and Vermeulen, 1999) . The MODIS 16 day composite NDVI products are designed to provide consistent spatial and temporal comparisons of vegetation conditions that can be used for monitoring photosynthetic activity. The MODIS VI algorithm operates on a per-pixel basis and relies on multiple observations over a 16 day period to generate a composite VI. Only the high-quality, cloud-free, filtered data are retained for compositing after applying a filter to the data based on quality, cloud, and viewing geometry (Huete et al., 2002) . MODIS reflectance and VI version 4 products were reprojected from sinusoidal grid (SIN) projection to Universal Transverse Mercator (UTM) projection using the MODIS reprojection tool (MRT). The MODIS land data operational product evaluation (LDOPE) software was used to check the cloud status and data quality of all the products. To remove undetected cloud effects and assure data quality, some images were excluded if the cloud and mixed area in the study region exceeded 30% or the blue band reflectance was above 0.07 (Verbesselt et al., 2006) .
Discrepancy between Terra and Aqua MODIS surface reflectance data
The consistency between Terra and Aqua daily surface reflectance products is assessed. Changes in the atmospheric conditions and satellite geometry including solar zenith angle, satellite zenith angle, and relative azimuth angle due to different overpass times of the two products may all contribute to the discrepancy between Terra and Aqua data. In the atmospheric correction process of MODIS daily surface reflectance, the impact of aerosols on visible and near-infrared reflectance is very important and it is difficult to eliminate completely. The MODIS atmospheric correction using either the MODIS-derived aerosol products or ancillary data makes the surface reflectance product less disturbed by the changes in aerosol concentration (Kaufman et al., 1997) . However, the atmospheric correction algorithm assumes the land surface is uniform and Lambertian, which may lead to substantial errors in the surface reflectance retrieval (Lee and Kaufman, 1986) . The mean error is 3%-7% in the red, 2%-5% in the nearinfrared (depending on optical depth), and up to 10%-20% in the extreme cases such as turbid atmospheric conditions (Hu et al., 1999; Vermote and Vermeulen, 1999) . The error is larger at shorter wavelengths and with increasing solar and view zenith angles, especially in the backscattering direction and for a low vegetation cover. The bidirectional reflectance distribution function (BRDF) effect induced by the changes in the sensortarget-sun geometric condition is discussed later in the paper.
Land cover classification using multitemporal NDVI data
Land cover classification is an important step to assure accurate retrieval of VWC and other crop-specific parameters in relatively homogeneous surface conditions (Doraiswamy et al., 2004; Houborg et al., 2007) . Although the NDVI does not provide land cover information directly, a time series of NDVI data can separate different land cover types based on their phenological or seasonal changes (e.g., Cihlar et al., 1996; Han et al., 2004; Wang and Tenhunen, 2004; Xiao et al., 2005) . In this study, the MODIS 16 day VI products (with 250 m resolution) were used for land cover classification. There were only five cloud-free datasets of 16 day composite NDVI available, with the highest quality checked using qualityassessment (QA) flags. The middle days in the 16 day composite period were day of year (DOY) 89, 105, 121, 137, and 169 (30 March, 15 April, 1 May, 17 May, and 18 June, respectively).
The unsupervised k-means classification method was applied to detect the vegetation with similar seasonal patterns (Han et al., 2004; Wang and Tenhunen, 2004) . This method calculated the means of initial classes evenly distributed in the data space and iteratively clustered the pixels into the nearest class using a minimum-distance technique (Tou and Gonzalez, 1974) . The initial number of classes was arbitrarily fixed at 15 for the sample area. In the post-treatment after classification, the classes with similar vegetation development stages were combined in the same land cover type according to their averaged NDVI profiles. The degree of similarity that was required to combine two classes was set to an average absolute NDVI difference of 0.05 at each stage to adjust the number of combined classes. The vegetation species across this district were almost exclusively comprised of winter wheat, cotton, planted woods, and secondary grasses from March to June. Winter wheat had a distinct vegetation development stage and hence can be distinguished from other species. As described previously, the wheat experienced a fast growth period with LAI from 2 to 5 during the first 2 weeks of April, whereas the natural vegetation was just sprouting, and cotton was sown at the beginning of April.
Results
Land cover classification
The original 15 land cover classes were combined into four major classes (see Figure 3) : artificial surfaces (mainly urban and village areas), natural vegetation (woods and grasses), mixed crops (mainly mixtures of wheat and natural vegetation, and intercropping of wheat and cotton), and winter wheat, with proportions of 10.4%, 7.8%, 41.4%, and 40.4% of the total area, respectively. The NDVI time series of the four classes are given in Figure 4 and indicate that the natural vegetation had a much later leaf emergence (around DOY 89) than winter wheat. The NDVI of natural vegetation and wheat both peaked around DOY 105. However, because the NDVI composite was for a 16 day period, this date might not be very accurate. After DOY 105, the NDVI of natural vegetation remained constant for a long period, whereas the NDVI of winter wheat showed a clear sign of leaf senescence, particularly after DOY 137. The mixed crops class had an NDVI profile intermediate between those of wheat and natural vegetation. During the whole period, the artificial surfaces class had a much lower NDVI value than the other three classes, which is also distinguishable in Figure 4 .
The field near the flux tower (see Figure 1b) which was cultivated and irrigated nearly synchronously was chosen for validation. The corresponding pixels of this field in the 500 m image were selected based on the 250 m classified map. The land cover heterogeneity was a major problem due to the reduction in spatial resolution in the 500 m NDVI images. Therefore, the NDVI profile of each pixel was checked and pixels whose profile deviated far from the average were excluded to keep the standard deviation of the NDVI at each stage within 0.05. The field-averaged NDVI profile with 500 m resolution is also shown in Figure 4 and has a strong similarity to the NDVI profile with 250 m resolution, indicating a relatively homogeneous condition in the selected pixels. Figure 5 shows that the temporal variation of the combined field-averaged surface reflectance fluctuated sharply. A closer check on the dates when fluctuation happened showed that the fluctuation was mainly from the discrepancy between the surface reflectance of the two sensors.
Variation in surface reflectance and vegetation indices
Discrepancy between the surface reflectance and vegetation indices of Terra and Aqua MODIS
To examine the discrepancy, the difference between Terra and Aqua MODIS surface reflectance for winter wheat in bands 1, 2, and 7 (red, 648 nm; NIR, 858 nm; SWIR, 2130 nm) on DOY 110, 135, and 143 was calculated and is shown in Figure 6 . The surface reflectance of the red band between the two sensors showed the largest differences (see Table 2 ). The surface reflectance of the three bands on DOY 110 was relatively consistent between the two sensors. The surface reflectance in the red and NIR bands on DOY 135 and 143 also showed some differences. However, the only noticeable difference for SWIR 2130 band was on DOY 143. As a result of the difference between Aqua and Terra MODIS surface reflectance, NDVI and NDWI had larger differences on DOY 135 and 143 than on DOY 110, as seen in the right panel of Figure 6 .
Directional effects on the surface reflectance and spectral indices
As mentioned earlier in the paper, one of the principal factors causing the surface reflectance difference is the BRDF effect from the changes in the sun-target-view angles. The zoneaveraged solar zenith angle (SZA) and sensor zenith angle (VZA) are shown in Figure 7 . On DOY 110, the VZA and relative azimuth angle between the two sensors were similar. On DOY 135, the VZAs of the two sensors were different (41°v ersus 25°) in the forward-scattering direction. On DOY 143, Terra had a VZA of 33°in the backscattering direction, and Aqua had a VZA of 53°in the forward-scattering direction. The large VZA, especially in the backscattering direction, usually caused large variation in the surface reflectance. This could also partially explain the variations of Aqua MODIS reflectance on DOY 135 compared with that on DOY 134 and 136 and the reflectance on DOY 149 compared with that on DOY 150. Therefore, only the products with a smaller view zenith angle and away from the hot spot in the backscattering direction were chosen for the data combination. Table 2 shows that band ratio helped to eliminate the difference in the multilook observations to some extent (Flowerdew and Haigh, 1995) . However, the NDVI still exhibited a greater difference than NDWI 2130 , especially around DOY 134, demonstrating that NDVI was more sensitive to the angular effects than NDWI. This shortcoming of the NDVI may shadow its response to the growth of vegetation and may be a drawback to its usefulness in vegetation growth Table 2 from the mean and standard deviation of NDVI and the red and NIR surface reflectance that the NDVI would also be more sensitive to the discrepancy between two sensors in the red band because of its relatively low reflectance level.
detection. It is evident in
Estimation of wheat physiological parameters using spectral indices
Regression analysis between wheat parameters and spectral indices VWC, dry matter, and LAI for those days with spectral data were interpolated from the dates with ground observations using the piecewise cubic Hermit polynomial method. Relationships between the wheat parameters and the spectral indices were developed. In the interpolation process, VWC, dry matter, and LAI on DOY 70 were set to 0.05 kg·m , and 0.05, respectively, because of fewer measurements at the early growing stage. MODIS-derived NDWI and NDVI values were used to estimate VWC and dry matter. In LAI estimation, EVI was also used in addition to NDWI and NDVI. 1240 , which demonstrated that the longer infrared wavelengths (1640 and 2130 nm) were more sensitive to crop water content than 1240 nm.
Table 3 also shows that the linear correlations between the indices (NDWI 1640 , NDWI 2130 , and NDVI) and dry matter content seem comparable. The R 2 value between NDWI 1240 and dry matter content was very low (only 0.05); this may be because the change in dry matter content would affect the surface reflectance in the near-infrared wavelengths (1240 and 858 nm) in a very similar way (Chen et al., 2005) . In contrast, a significant positive correlation was observed between the SWIR-based NDWI and dry matter content from DOY 87 to 139 before the blooming stage (NDWI 2130 : F = 44.96, p < 0.001, N = 11; NDWI 1640 : F = 30.29, p < 0.001, N = 10), and a significant negative correlation was found from DOY 128 to DOY 159 after the blooming stage (NDWI 2130 : F = 26.62, p < 0.001, N = 11). dry matter as the vegetation grew. After the wheat came into the heading stage, the NDWI decreased as the total crop water content started decreasing while dry matter kept increasing, especially at the grain-filling period. The linear correlations between LAI and other indices were poor, especially between NDVI and LAI. The only exception was that NDWI 1240 was closely related to LAI.
VWC and dry matter estimation using NDWI
It appears that the angular effects on NDVI were so significant (see Figure 5d ) that NDVI would be unable to detect crop growth. Therefore, only the SWIR-based NDWI indices were used in the additional analysis. The linear functions using NDWI 1640 and NDWI 2130 to estimate wheat VWC were developed with the following forms (see 
Response of NDWI to soil moisture changes
The daily rainfall and averaged soil moisture at the root depth of 0-80 cm were used to examine the response of NDWI to temporal changes (see Figure 9) . During the whole experimental period, the wheat was irrigated twice on DOY 69 and 107, which can be seen from the two obvious upward spikes in the top soil moisture profiles right after irrigation. After the first irrigation, NDWI kept increasing until DOY 110, and this was attributed to the rapid crop growth when LAI increased from nearly 0 to 6. After a short period of decline after DOY 110, NDWI increased again to a peak around DOY 128, and this was partially due to rainfall during that period. After the peak, the changes in NDWI were also found to be closely related to the rainfall.
The linear correlation between NDWI and the averaged soil moisture profiles at different layers (0-10, 0-20, 0-40, 0-80, and 0-160 cm) was also analyzed. There was a notable change in the determination coefficient R 2 for the linear relationship between NDWI 2130 and soil moisture: for the 0-10 cm layer, R This may be in part because NDWI 1640 had different temporal coverage from NDWI 2130 and because of the influence from the data quality of Aqua band 6 (only 5 out of 20 detectors were functional), which had been noticed in the data quality assessment. The previous correlations appeared to be better as the wheat grew and became more developed. From the correlation analysis, it was believed that NDWI was strongly affected by the changes in soil moisture and may be a good indicator of the soil moisture changes, particularly at the later growth stages of its life cycle. 
Assessment of the capability of NDWI to detect crop water deficiency
The temporal series of soil moisture and observed VWC was used to analyze crop water deficiency. The volumetric soil moisture at field capacity was about 0.37 as calculated using the van Genuchten equation with field-calibrated parameters. The soil water content above the 20 cm depth (available for 70%-80% of wheat water utility) usually should be kept at 80% of field capacity content for wheat growth after the jointing stage in April and a little lower after grain filling at the end of May. However, the actual availability of soil water in this layer was lower than this level except for some days when it temporally exceeded this value due to irrigation (DOY 107) and heavy rainfall (DOY 124). There were three periods observed with obvious declines in soil moisture after DOY 110. During the first period from DOY 110 to 123 and when VWC is increasing quickly, (see Figure 10) , the NDWI decreased, showing that the crop might encounter some degree of water deficit. The crop was in a critical growth stage, and wheat is sensitive to a shortage of water. During another rain-free period from DOY 130 to DOY 140, NDWI had a sharp decline on DOY 136 and then an increase after a rainfall on DOY 141. This also demonstrated the water shortage during this period. The third period was observed with another sudden drop in NDWI after DOY 149. Although this was consistent with the decrease in soil moisture and VWC, potentially it may also be a result of the rapid loss of crop water content when wheat comes into the leaf senescence stage.
Discussion and conclusions
The Terra and Aqua MODIS derived NDWI and NDVI were used jointly for estimating the biophysical parameters of winter wheat in the Weishan Irrigation Zone along a downstream reach of the Yellow River, China, where rainfall shortages during the wheat-growing season are a significant problem. The NDWI was evaluated for analyzing crop water deficiency.
The weather characteristics during the winter wheat growing season were discussed. According to rain gauges installed around the flux tower, 2006 was a dry year and rainfall was relatively low compared with the long-term average for the summer. The annual precipitation in 2005 was 680 mm, which was more than the long-term average (580 mm/year). However, the major factor limiting the wheat growth was the rainfall shortage in the spring (from March to May), which was not directly proportional to the yearly rainfall. This was because the winter wheat season was usually in the dry spell, which often resulted in exposure of the wheat to water shortages, especially during the major growing season (from March to Given uniformly planted crop fields and the winter wheat as the dominant crop in this district, the sample measurements scaled to field averages can be compared with satellite data for index-evaluation purposes. In this irrigation area, the field scale was comparable to 250 m. The mixed pixels were excluded by comparing the NDVI profiles at 500 m resolution with those at 250 m resolution. However, the field size was still a major limiting factor for this area because the field dimension was only at a scale similar to that of MODIS data for 500 m resolution. The problem may be more significant if the desired parameters were crop specific, which would require detailed classification at a higher resolution.
The discrepancy between the surface reflectance of Terra and Aqua was distinct and resulted in fluctuation in the temporal variations of the combined surface reflectance and vegetation indices. A large VZA off-nadir especially in the backscattering direction contributed greatly to the discrepancy. Therefore, the images with extreme VZA values should be excluded, or alternatively the surface reflectance should be normalized to a constant viewing geometric condition before the composite analysis. Compared to NDVI, NDWI was more resistant to the changes of the sun-target-view geometry between the two sensors. Therefore, NDWI may potentially be more reliable for monitoring crop growth condition, particularly when satellite data from two or more sensors are used jointly.
The SWIR (1640 and 2130 nm) based NDWI 1640 and NDWI 2130 showed much better correlation with VWC than NDVI and the NIR (1240 nm) based NDWI 1240 , demonstrating the advantages of SWIR wavelengths over NIR wavelengths in VWC retrieval. For dry matter estimation, a significant positive correlation between NDWI 1640 , NDWI 2130 , and dry matter content was found before the blooming stage, and a strong negative correlation was observed between NDWI 2130 and dry matter content after the blooming stage. This can be explained using the different characteristics of water and dry matter accumulation during the wheat growing periods. The correlation at the later growth stages may be very valuable for NPP estimation, since the dry matter content is then directly related to the crop yield.
Combining the in situ rainfall and soil moisture data, NDWI was examined as an indicator of water deficiency during the major life cycle of wheat. The high correlation between NDWI and soil moisture after DOY 110 illustrates that NDWI may also be used as an indicator of changes in soil moisture. Noticeable declines were observed in NDWI from the jointing stage to the heading stage (DOY 110 to 123) during the period when VMC was increasing, and this may represent the occurrence of a water shortage. A conclusion from the appearance of NDWI temporal variations is that winter wheat encountered some degree of water deficit, and this was supported by field observation. Therefore the NDWI can be used as an indicator of crop water deficiency.
In future work, the field observation should be conducted at a larger spatial scale and with an intensified interval of 1 week. It will be helpful and valuable to further validate the effectiveness of satellite data in retrieving wheat growth parameters and assessing crop water deficiency.
